ABSTRACT We have collected peak expiratory flow rates, one-second forced expiratory volumes, and forced vital capacities in sets of 10 or 20 values at one-minute intervals from 30 normal, 49 asthmatic, and 26 bronchitic subjects. Analysis shows that the derivatives are compatible with a normal distribution of the values in the sets, so that the true value is best represented by the arithmetic mean of all valid attempts. One-third of all subjects showed skewness in one or more indices but these were equally divided between positive and negative directions. There is no sign of the dominant negative skewness that would result if the true value was indeed a maximum, which could be approached or equalled but never exceeded. There is no sign that repetition worsens performance. Seventy-two subjects showed no regression in any index and those of the remainder who deteriorated were balanced by equal numbers in all categories who improved. There is a significant tendency for both the highest and the lowest values to occur in the earlier part of any series. Probability theory suggests that this is a statistical phenomenon. The best estimate of the true value of these indices is probably the mean of as many observations as can be conveniently obtained and the data can be treated statistically as if they were a sample from a normally distributed population.
In 1846 Hutchinson reported his invention of the spirometer and introduced the concept of vital capacity to designate the volume of a forced maximal expiration from full inspiration, reporting the values obtained from 3000 subjects. ' The maximum forced expiratory manoeuvre expressed as the peak expiratory flow rate (PEFR) and forced expiratory volume in one second (FEVy), as well as the forced vital capacity (FVC), are widely used as indirect measurements of airway diameter to measure the effect of drugs and in epidemiological research. Hutchinson advised that for forced vital capacity, after a single training attempt, the mean of three satisfactory attempts should be taken as most representative of the true value. In 1949 Gilson and Hugh-Jones2 showed that for one normal subject performing these manoeuvres in batches several times a day over about three weeks the maximum value was produced at the 251st attempt out of 400 and that the results conformed to a normal freAddress for reprint requests: Dr MI Ullah Oldham ." Most drug studies use the highest value from three attempts 12-18 and, usually in bronchodilator trials, the highest value in the control period is compared with the highest value from three similar attempts after the drug has been administered. A post-drug measurement higher than the control shows 113 bronchodilatation, and if the post-drug measurement is equal to or lower than the best control value then the drug is said not to have had any effect. More than three forced expiratory manoeuvres are rarely carried out because it is widely believed that fatigue or repetition itself may result in deterioration of function.47 10 12 None of these studies reports observation of more than five repetitions of the maximal forced expiration and in none was the question of deterioration with repetition actually examined. In previous studies, however, we did not observe significant deterioration when using a greater number of measurements. '9 20 This paper reports the results of an investigation of the problem of whether the indices of maximum forced expiration really do show a deterioration with repetition or a significant negative skewness, or whether the results can be regarded as having the characteristics of a normal frequency distribution.
Methods
We chose 75 patients ( Figure 2 shows the distribution of kurtosis values. A x2 test on the cumulative frequencies shows that the distributions are not normal (p < 002 in each case). They show positive skewness, with each modal value near to but lower than its corresponding mean and a long tail of low frequencies above the mean. This indicates that the most frequent distribution was more peaked than the ideal normal distribution. These distributions are, however, still consistent with the derivation of individual kurtosis values from normal frequency dis- tributions and reflect the smallness of the coefficient of variation found. Figure 3 shows the distribution of the regression coefficients (r) for PEFR, FEV1, and FVC with repetition. the group showed any consistent change on repeating their efforts. Figure 4 shows the frequency distribution of the order of occurrence of the highest and lowest values in the 10 attempts in 62 patients. Figure 5 similarly shows the highest and lowest values in the controls. There was a significant effect shown in the reducing frequency of occurrence of the lowest FVC value with repeated attempts in the control subjects (r = 0-75, p = 0.01) but no correlation of any sort in any of the other results shown in figures 4 and 5. Some of the patients producing their highest value in the first three attempts also produced their lowest value in the same three attempts. Only a third of the patients produced their highest value in the first three attempts.
Of the 13 patients who carried out 20 forced expiratory manoeuvres at one-minute intervals using the electronic spirometer, only two showed significant (positive) correlations with repetition in all three indices. One showed a significant negative correlation in PEFR and FEVy. The rest showed no change in any index. No significant differences were noted when the mean of the first five readings was compared with the mean of the second five readings in 62 patients for all three indices. Similarly, in the 13 patients using the electronic spirometer there was no significant difference between the mean of the first 10 readings and the mean of the second 10 readings. Furthermore, in the 62 patients the variance of the first five readings was the same as the variance of the second five readings. The results for the variance of the first 10 readings and the second 10 readings in the patients using the electronic spirometer were the same. The mean coefficient of variation for PEFR, FEV,, and FVC was very similar: 5-3, 4*8, and 3*8 respectively (based on the means and standard deviations of each measurement on 62 patients).
Discussion
These findings show that repeating maximal forced expirations at one-minute intervals as often as 20 times gives results which have a normal frequency distribution and a coefficient of variation as small as can be expected in any biological measurement.
The self-evident truth that subjects cannot exceed their maximum value, but may do less well, clearly is not attacked by these findings; but the assumption derived from it, that repeated attempts must give results which are negatively skewed, is now untenable. We have shown that the highest value in the first few attempts is not necessarily the highest value achieved-in fact, half of the patients achieved the highest values in the fourth and subsequent attempts in the series of 10.
If only the patients' best values are to be used then more than three measurements are required. The question then arises of how many attempts are needed to establish the best estimate of the true value, and hence the most powerful discriminant in detecting drug effects. From the subject's and the experimentalist's point of view one would be the most desirable number. From the statistical viewpoint the more the better.
The choice then is determined by the statistical test which is most appropriate. We have previously used Student's t test'9 and the Mann Whitney U test.20 There is no agreement about the minimum number acceptable for these tests but we have found in practice that seven satisfactorily performed manoeuvres give a small coefficient of variation and provide sufficient numbers for significant results with even quite small changes in mean values. We could argue from probability theory that with repeated attempts there is a diminishing likelihood that the highest value will occur later in a series like this. But our results are most compatible with the theory that maximal forced expirations are normally distributed, randomly occurring, stochastically independent variables. The probability that any particular effort will be the greatest of a series is not influenced by the previous efforts in that series and it is therefore numerically equal to the reciprocal of the total number in the series.
Freedman and Prowse found that 85% of experi-enced patients achieved the highest value with the first forced expiratory manoeuvre out of five attempts for the FEV. peated attempts can be used to construct individual dose-response curves for bronchodilators23 and can also be used as the effect measurement in pharmacokinetic modelling studies. 24 We have also shown previously that individual responses may differ appreciably from the group response and by acceptance of the group results some subjects may suffer.20 Review of published reports show that most investigators in pharmacological research use the highest value of three forced expiratory manoeuvres on the assumption, now shown to be invalid, that the distribution is negatively skewed. It is worth considering how the customary "selective" methods of obtaining data may have influenced results. Discarding observational data obviously increases the likelihood of unconscious observer bias and discarding low values will tend to give a higher estimate of the true value, but if the procedure is applied consistently it will not create bias in comparisons. Even if the Medical Research Council recommendation3 is followed the mean result expressed as a single measurement does not permit statistical assessment of intra-individual change. These methods all diminish sensitivity, the "best of three" or other singlevalue estimates being the least sensitive. Comparisons based on these methods will detect only the most powerful drug effects and therefore tend to develop type II statistical errors-that is, fail to find a difference which really exists.
We have shown that for each of the three indices 117 PEFR, FEV1, and FVC a very small non-significant number of patients did show deterioration with repetition but that a greater, but also nonsignificant, number showed an improvement in performance with repetition. Most patients were found in the no-change category. This is in keeping with the symmetrical distribution of the regression, and with chance as the explanation of such increase and decrease as we have observed. Our finding that there was no significant difference between the means of the first and the second five values, or between the means of the first and the second 10 values in the group using the electronic spirometer, shows that the mean of several readings is more reproducible and therefore more typical of the patient's real performance. The fact that there is no difference in the variance within individuals between the first and the second half of the control period suggests that the initial measurements are all acceptable and should not be discarded. The mean value and standard deviation therefore may be more easily obtained and thereby permit precise assessment of intra-individual change. The measurement of peak expiratory flow rate is said not to be particularly reproducible and therefore not a satisfactory substitute for the FEVI.9 Our results show, however, that the mean coefficient of variation for each index was similar at around 5%, so that all three indices seem equally acceptable.
We advise that the practice of using the highest value from three forced maximum expiratory manoeuvres should be abandoned and that the mean of as many attempts as can be obtained conveniently should be used. Repeated attempts are particularly valuable in pharmacological research, rendering it possible to evaluate within-individual changes.
